Background and Aims NRT1 proteins are H + -coupling nitrate transporters which belong to the family of peptide transporters (PTRs) and facilitate low and high affinity nitrate transport systems in a model plant Arabidopsis thaliana. In this study, we present the first inventory of the Cucumis sativus NRT1 family together with the transcriptional profile of CsNRT1 genes suggesting the physiological function of the family members in cucumber. Methods Semiquantitative RT-PCR was used to analyze the level and organ-distribution of expression of CsNRT1 genes. The response of those CsNRT1s, whose transcripts were clearly detectable in vegetative tissues to different level of nitrate supply was examined through real-time PCR assays.
Introduction
Nitrate is the major source of inorganic nitrogen taken up by plants grown in aerobic soils. Its concentration fluctuates spatially and temporary, because of leaching and microbial activity. Thus, plants have evolved physiological and morphological adaptations to tackle variable availability of soil nitrate, which comprise the regulation of root architecture as well as complex regulation of network transporters involved in both nitrate uptake and its distribution within the plant.
During the past two decades a profound progress in the molecular recognition and characterization of nitrate transporters in plant cells has been observed. It has been established that nitrate uptake by plants is an active, H + -coupled process facilitated through the highand low-affinity transport systems (HATS and LATS) which could be constitutive or inducible (Glass and Siddiqi 1995; Glass et al. 2001 Glass et al. , 2002 Zhao et al. 1999; Tischner 2000; Touraine and Gojon 2001; Forde 2002) . Also the nitrate influx into vacuole (Blumwald and Poole 1985; Schumaker and Sze 1987; Kabała et al. 2003; de Angeli et al. 2006; von der Fecht-Bartenbach et al. 2010) as well as its efflux out of the plant cell (Segonzac et al. 2007; Lin et al. 2008 ) have been shown to be driven by a proton motive force. Active nitrate transport across plant cell membranes has been attributed to three families including the proton-coupled symporters and antiporters belonging to NRT1, NRT2 (Tsay et al. 2007 ) and CLC multigenic families (de Angeli et al. 2006 Angeli et al. , 2009 von der Fecht-Bartenbach et al. 2010) . The completion of the Arabidopsis thaliana genome sequencing project revealed the presence of 53, 7 and 6 genes encoding NRT1, NRT2 and CLC transporters, respectively. Expression of some of the identified genes has been shown to be differentially influenced by nitrate, ammonia, N starvation and N metabolites, sucrose, circadian rhythm or pH Lejay et al. 1999; Geelen et al. 2000; Glass et al. 2002; Okamoto et al. 2003; Gojon et al. 2009 ). Nitrate itself also significantly affects nitrate transporters expression and thus influences the rate of NO 3 -uptake, distribution, accumulation and efflux within plant cells and tissues.
The nitrate transporters that have been so far characterized localize to plasma membrane (NRT1s and NRT2.1) or tonoplast (CLCa, CLCb, CLCc, NRT2.7). NRT2 are inducible (NRT2.1, NRT2.2) or constitutively (NRT2.4-NRT2.6) expressed high-affinity nitrate transporters, among which only a few members have been characterized in detail: NRT2.1 and NRT2.2 were shown to be responsible for nitrate uptake from the soil whereas NRT1.7 determines NO 3 − storage in seeds (Orsel et al. 2002; Okamoto et al. 2003; Tsay et al. 2007; Wirth et al. 2007; Li et al. 2007; Chopin et al. 2007 ). Three tonoplast-localized members of CLC family in Arabidopsis operate as nitrate transporters: CLCa, which functions as a 2NO 3 -/1H + antiporter critical for NO 3 − accumulation within vacuoles (Geelen et al. 2000;  de Angeli et al. 2006 ) and CLC-b as well as CLC-c, which regulate the level of vacuolar nitrate in plant cells (Harada et al. 2004; von der Fecht-Bartenbach et al. 2010) . NRT1, the third family of nitrate transporters in plants has received particular attention during the last few years. Although the Arabidopsis genome contains 53 NRT1 (PTR) genes, the function in NO 3 -transport was confirmed only for 8 NRT1s (AtNRT1.1-1.2 and AtNRT1.4-1.9). Arabidopsis NRT1.1 (CHL1) and NRT1.2 nitrate transporters were shown to be involved in nitrate uptake from the soil solution into root cells (Tsay et al. 1993; Wang et al. 1998; Huang et al. 1999; Liu et al. 1999; Orsel et al. 2006; Li et al. 2007 ). Root-to-shoot nitrate transport is probably governed by three members of AtNRT1 family: two closely related transporters NRT1.5 and NRT1.8, are responsible for loading or retrieving nitrate from xylem sap, respectively, whereas root stele-expressed AtNRT1.9 is involved in the loading of nitrate into the root phloem to enhance downward nitrate transport in roots (Wang and Tsay 2011) . The remaining AtNRTs operate in shoots, where they are involved in nitrate storage in leaf petioles (NRT1.4), NO 3 − translocation from maternal tissue to developing embryos (NRT1.6) or the remobilization of NO 3 − from older to younger leaves (NRT1.7) (Chiu et al. 2004; Almagro et al. 2008; Fan et al. 2009 ). The molecular features of nitrate transport within plants and the regulation of this process have been thoroughly studied mostly in the model plant Arabidopsis thaliana. In contrast, until now the molecular characterization of nitrate transporters from other species, especially those important for agriculture is still lacking due to the unavailability of full genome resources. The question arises, whether nitrate transporters from other species show similar regulation, expression and function as their Arabidopsis counterparts. Since the genome of cucumber has already been completely sequenced twice (Huang et al. 2009; Wóycicki et al. 2011 ) and the results of sequencing projects were made available, we searched the GenBank database for cucumber homologs of the designated A. thaliana NRT1 genes. Here we present the first inventory of cucumber NRT1 genes together with detailed analyses of their expression pattern in different organs and under constant or variable nitrate supply.
Material and methods

Plant material
Seeds of cucumber plants were germinated in darkness and then grown hydroponically for 4 weeks on nutrient solutions, pH 6.0, containing 0.17 mM Ca (H 2 PO 4 ) 2 , 1.5 mM CaSO 4 , 0.33 mM MgSO4, 25 μM ferric citrate, 3 μM MnSO 4 , 1.7 μM H 3 BO 3 , 0.3 μM CuSO 4 , 0.003 μM ZnSO 4 , 0.017 μM Na 2 MoO 4 with nitrate (0.5 mM or 10 mM KNO 3 ) or without nitrate (N deprivation) with an equivalent concentration of potassium ions (K 2 CO 3 ). After 3 weeks of growth without nitrate, some of the plants were transferred for 1 week into 0.5 mM KNO 3 (temporary nitrate provision). Other plants growing 2 weeks without nitrate followed by 1 week with 0.5 mM KNO 3 were put again for 1 week into nutrient solution without nitrate (temporary nitrate starvation). In the last combination, seedlings starved 1 week with NO 3 -followed by 1 week with nitrate were transferred for 1 week into solution without nitrate and then for the last week into solution with nitrate (temporary nitrate re-supply). The nutrient solutions were aerated and replaced three times a week. All plants were grown in a growth chamber, under a 16-h photoperiod (180 mmol m -2 s −1
) at 25°C during the day and 22°C during the night. For each treatment four samples (50 mg) of each tissue from four different plants were taken for RNA extraction and immediately frozen in liquid nitrogen before storage at −80°C.
Quantitative real-time PCR
Total RNA was extracted from cucumber tissues using TRI Reagent (Sigma) according to the manufacturer's instructions. To remove DNA contamination, RNA was digested with RNase-free DNase and reversely transcribed using oligo (dT) primers and the Transcriptor First Strand cDNA Synthesis Kit (Roche) according to the instructions. For each sample an RTcontrol (master mix without RT enzyme) was performed. Primer sets for SYBR Green I assays were designed using Lightcycler Probe Design software (Roche) or the Primer3 online tool (Table 1) . The primers were designed very carefully to ensure amplification of single CsNRT1 isoforms. They were further used in standard RT-PCR reaction to check for size specificity of the amplicon size. The amplicons of newly identified cucumber genes were sequenced to confirm specificity of the PCR products.
To optimize the PCR amplification efficiency the best performing conditions (e.g., various annealing temperatures) were evaluated for each target and reference genes: CACS (Clathrin adaptor complex subunit, acc. no. GW881874), EF (Elongation factor, acc. no. EF446145) and TIP41 (PPA2 activator, acc nom. GW881871). The stability of CACS, EF and TIP41 expression under different experimental conditions and in various plant organs has been already confirmed (Migocka and Papierniak 2011) . The previous GeNorm analysis confirmed that all three genes showed also the most stable expression under different nitrate availability (data not shown). Amplification and melting curve analysis were performed with the LightCycler® 2.0 System (32 capillaries format) in combination with the SYBR Green I Master Mix B (A&A Biotechnology) in 10 μl PCR reaction containing 1 μl template, 1 μl of each primer (10 μM), 5 μl Master Mix and 2 μl water. The thermal cycling conditions were as follows: 30 s at 95°C, followed by 40 cycles of 10 s at 95°C, 10 s at 50-60°C (Table 1 ), and 15 s at 72°C. Positive controls (DNA), a negative control (distilled water), and RT-negative controls (total RNA sample) were included in each run. To estimate PCR efficiency, sixfold target-specific dilution series (triplicates) were determined. To confirm the specificity of amplification, melting curve analysis was performed to identify putative unspecific PCR products (e.g., primer dimers, reaction mix contamination).
Semiquantitative RT-PCR Total RNA was extracted from cucumber tissues with TRI Reagent (Sigma), digested with RNase-free DNase and used as a template in the one-step RT-PCR assay using Titan One Step RT-PCR System (Roche). The reaction assay was carried out at 50°C for 30 min (1 cycle), 94°C for 2 min (1 cycle), 94°C for 30 s, 50-60°C (Table 1) for 30 s and 68°C for 1 min (20-30 cycles) and 68°C for 10 min (1 cycle). The genes encoding for CACS, EF and TIP41 (data not shown) were used as internal controls.
Database searching, prediction and analysis of CsNRT1 proteins 10 AtNRT1 cDNA sequences from the Aramemnon database (accession numbers are given in Table 2 ) were used as the initial query set to search against wholegenome shotgun reads available in the GenBank database containing the assembly of cucumber genome. BLASTN program was selected to compare cDNA queries against the DNA database and default BLASTN parameters were used to obtain high-stringency search results. The contigs containing sequences that significantly matched with AtNRT1 cDNAs were retrieved from the database and further analyzed using FGENESH and FGENESH+ tools (Softberry, Inc., Mount Kisco, New York; www. softberry.com) to obtain information on complete open reading frames (ORFs) of cucumber NRT1 genes. Functional annotations were made by BLASTP searches against GenBank protein data sets with final full-length NRT1 protein sequences. The sequences of NRT1 proteins from other plants were retrieved from the GenBank database (Vitis vinifera), Gramene database (Brachypodium diastychon, Sorghum bicolor, Zea mays, Oryza sativa) and The Populus Genome Integrative Explorer PopGenIE (Populus trichocarpa). Protein sequence alignments and analysis were conducted using ClustalW and the phylogenetic trees were constructed with MEGA5.0 software (Tamura et al. 2011 ) using the Maximum Likelihood method.
Statistical analysis
Unpaired and paired student's t tests and ANOVA (Excel) were used for statistical analyses. 
Results
Selection of contigs, prediction and annotation of CsNRT1 genes
Using 10 Arabidopsis thaliana cDNAs encoding AtNRT1-10 proteins as the query sequences, we selected 12 contigs among cucumber whole genome shotgun reads in the GenBank database, that significantly matched with AtNRT1s (Table 2 ). All selected contigs were scanned for potential genes using the FGENESH program and, in some cases, the version of this tool (FGE-NESH+) which uses additional information from the available protein homolog and thus improves the accuracy of gene identification. As a result, 13 sequences of cucumber that significantly matched with the query cDNAs (query coverage >60 %) were identified: one homolog of AtNRT1.1 (CsNRT1.1), three homologs of AtNRT1.2 (CsNRT1.2A, CsNRT1.2B and CsNRT1.2C), one homolog of AtNRT1.3 (CsNRT1.3), two homologs of AtNRT1.4 (CsNRT1.4A and CsNRT1.4B), three homologs of AtNRT1.5 (CsNRT1.5A, CsNRT1.5B and CsNRT1.5C), one homolog of AtNRT1.8 (CsNRT1.8), one homolog of AtNRT1.9 (CsNRT1.9) and one homolog of AtNRT1.10 (CsNRT1.10). In addition, one putative cucumber homolog of AtNRT1.6 and AtNRT1.7 was identified within contig ACHR01000323 (Table 2) , but the coverage of these Arabidopsis thaliana and cucumber sequences was significantly lower (<37 %) in comparison with other NRT1 genes. Thus, only closely related genes showing a high score with the AtNRT1 query sequences (>60 %) were subjected to further experimental analysis.
The genomic organization of newly identified cucumber CsNRT1s is presented in Table 2 . The cDNAs encoding putative members of the cucumber nitrate transporters 1 family are 1662 bp-1986 bp long and consist of 4 to 6 exons (Table 2) . Hence, the putative protein sequences are composed of 552 to 661 amino acid residues. The phylogenetic analysis of NRT1 proteins from cucumber and other dicots (Arabidopsis thaliana, Vitis vinifera, Populus trichocarpa) and monocots (Oryza sativa, Brachypodium diastychon, Zea mays, Sorghum bicolor) allowed for an Table 2 The genomic organization of genes encoding Nitrate transporters 1 (NRT1) in cucumber. The genes were identified through the screening of the whole-genome shotgun reads database (GenBank) using the queries of AtNRT1 cDNAs. initial, careful annotation of cucumber proteins (Fig. 1) . According to the analysis, all NRT1 proteins in plants fall into two distinct phylogenetic groups: one containing NRT1.1-NRT1.4 proteins and the other comprising transporters NRT1.5-NRT1.9 (Fig. 1) . Both groups can be further divided into two distinct clusters branching of common ancestor. In the first group, NRT1.1, NRT1.3 and NRT4 proteins cluster together, whereas NRT1.2 proteins fall into separate cluster (Fig. 1) . The second group is divided into one cluster containing NRT1.6, NRT1.7 and NRT1.9 proteins and another cluster comprising NRT1.5 and NRT1.8-like transporters (Fig. 1) . Further analysis of the phylogenetic relations between plant NRT1 proteins suggests that NRT1.2s and NRT1.4s as well as NRT1.6-1.7 and NRT1.9-like proteins had the same protein ancestors. Moreover, NRT1.8-like proteins, which are present only in dicots, could have evolved from NRT1.5-like transporters (Fig. 1 ).
Organ expression pattern of CsNRT1s
The transcription profile of cucumber NRT1s in different organs of young or older plants suggests that none of the identified genes is a non-functional pseudogene. All of the computationally predicted genes were clearly expressed during cucumber development, which validates the notion that they correspond to real genes (Fig. 2) . Most of the transcripts were clearly detected in vegetative tissues and inflorescences, except for CsNRT1.5B and CsNRT1.5C, which were expressed almost solely in flowers. A distinct organ expression pattern was also observed for CsNRT1.10, since the transcription of the gene occurred predominantly in tendrils and, at a lower rate, in flowers. In contrast, CsNRT1.1, CsNRT1.3, CsNRT1.5A and CsNRT1.8 were expressed in all 17 cucumber organs (Fig. 2) . These commonly expressed genes are likely to be essential for fundamental cellular processes. Among them, CsNRT1.3 was particularly highly expressed in flowers and young Fig. 1 Unrooted phylogenetic tree of the NRT1-like transporters identified in cucumber and other dicots and monocots. The multiple alignment of all proteins was performed using ClustalW. The accession numbers of all proteins are given in Supplementary File S1. The tree was constructed by the MEGA5.1 software (Tamura et al. 2011 ) using Maximum Likelihood method with 1.000 bootstrap replicate trees. The distance scale represents the evolutionary distance, expressed as the number of substitutions per amino acid leaves, suggesting that it was of high importance for the development of all flower parts and expanding leaves. Interestingly, the transcriptional profiles of multiplied cucumber homologs of AtNRT1.2, AtNRT1.4, AtNRT1.5 and AtNRT1.8 were different, suggesting that following duplication or triplication from the common gene ancestor, the novel isoforms gained some new physiological functions. For instance, CsNRT1.4A appears to be highly specific for petioles and fruits, whereas CsNRT1.4B was clearly expressed in 10 different organs of young and older plants.
Transcription profile of CsNRT1s under different nitrate supply and re-supply All AtNRT1s are considered low-affinity transporters except one member of the NRT1 family, AtNRT1.1 (CHL1), which is a dual-affinity transporter with a K m of~50 μM for its high-affinity mode and~5 mM for its low-affinity mode . In order to determine whether the cucumber members of the NRT1 family are involved in nitrate transport within plant cells, we tested how nitrogen deficiency, low or high nitrate as well as variable nitrate supply affect CsNRT1s expression.
CsNRT1.1
As shown in Figs. 3 and 4, CsNRT1.1 was widely, but more or less differentially expressed in all tested samples (roots, stems, cotyledons, petioles and leaves) of 4-week-old cucumbers grown under different nitrate regimes. In roots, CsNRT1.1 expression was downregulated under high nitrate, whereas in stems the level of the transcript significantly increased upon N Fig. 2 Semiquantitative RT-PCR analysis of the organ expression pattern of CsNRT1s in 1-week-old and 8-week-old cucumber plants. Genes encoding for elongation factor (EFα) and CACS were used as internal controls. Rt-roots, Hp-hypocotyls, Cot-cotyledons, Pt-petiole, Lf-leaf, S-stem, Opt-old petiole, OLf-old leaf, YPt-young petiole, YLf-young leaf, Td-tendril, Fr-fruit, MP-male perianth, St-stamen, FP-female perianth, Pspistil Fig. 3 Real-time (qPCR) expression analyses of CsNRT1s in roots, stems, cotyledons, old and young petioles and old and young leaves of 4-week-old cucumbers. Highly reliable reference genes (CACS, clathrin adapter complex subunit, EF, elongation factor, TIP41, PPA2 activator) were used to normalize the results of qPCR analysis, using the 2 -(ΔCt) method. The normalization based on three different reference genes showed very similar results. The presented values were normalized to CACS transcript levels in the same samples. Asterisks indicate significant differences between plants grown under N deprivation (white bars) and plants grown upon constant 0.5 mM (grey bars) or 10 mM (black bars) NO 3 -provision (P<0.05) Fig. 4 Quantitative (qPCR) analysis of CsNRT1 genes expression in roots, stems, cotyledons, old and young petioles and old and young leaves of 4-week-old cucumbers grown in the constant 0. (Fig. 4) . In contrast, during the latter conditions, the expression of the gene was significantly enhanced in old petioles and old leaves (Fig. 4) . The re-supply of nitrate following N deprivation caused a significant increase in CsNRT1.1 transcript in old but not in young leaves, where the transcript level decreased markedly under temporary nitrate provision or starvation. In young petioles, the level of CsNRT1.1 mRNA increased upon temporary nitrate starvation (Fig. 4) . Steady nitrate provision or deprivation did not affect CsNRT1.1 expression in cotyledons, old petioles or old leaves, or in young petioles (Fig. 3 ).
CsNRT1.2s
Similarly to organ expression patterns, the expression profiles of three cucumber homologs of AtNRT1.2 under variable nitrate provision were different. CsNRT1.2A mRNA was highly abundant in cotyledons, old and young petioles and in old leaves of plants grown in high nitrate (Fig. 3) . Its expression in cotyledons was also enhanced under temporary nitrate re-supply (Fig. 4) . In contrast, the transcript's abundance markedly decreased in old leaves under variable nitrate supply (Fig. 4) . CsNRT1.2A mRNA was also hardly detectable in young petioles of plants grown upon temporary nitrate provision (Fig. 4) . In contrast to CsNRT1.2A, which was the most highly induced under 10 mM nitrate, CsNRT1.2B expression in cotyledons, young petioles and young leaves was more pronounced under low (0.5 mM) NO 3 -level (Fig. 3) . Additionally, the CsNRT1.2B mRNA was clearly detected in all organs except for the roots of plants grown under temporary nitrate provision (Fig. 4) . The level of CsNRT1.2B transcript was also markedly reduced in cotyledons and young petioles upon variable nitrate supply (Fig. 4) . Surprisingly, the CsNRT1.2C transcription profile was distinct from both CsNRT1.2A and CsNRT1.2B expression patterns. The third cucumber homolog of AtNRT1.2 was considerably expressed under N deprivation or low nitrate in stem, cotyledons and old petioles (Fig. 3) . Hardly any CsNRT1.2C mRNA was detected in roots, young petioles or young leaves. High nitrate generally downregulated CsNRT1.2C expression except for the old leaves, where 10 mM NO 3 -had little influence on the transcript level. In addition, CsNRT1.2C mRNA was particularly elevated under temporary nitrate starvation in stem, old leaves and old petioles or upon temporary nitrate supply in old leaves (Fig. 4) . On the other hand, upon temporary nitrate re-supply the expression of gene was markedly lower or higher in old petioles or stem and old leaves, respectively (Fig. 4) .
CsNRT1.3
The transcript of CsNRT1.3 was relatively low in all tested samples except for the cotyledons, where it significantly increased upon continuous low or high nitrate provision as well as upon temporary low nitrate supply (Figs. 3 and 4) . In contrast, the expression of CsNRT1.3 in old petioles was markedly reduced upon temporary low nitrate provision/starvation, whereas it was more enhanced under continuous 0.5 mM NO 3 -supply (Figs. 3 and 4) . The CsNRT1.3 transcript abundance in other cucumber organs was not significantly affected under nitrogen deficiency or by the availability of external nitrate.
CsNRT1.4s
Similarly to CsNRT1.2s, two cucumber homologs of AtNRT1.4 also showed different expression patterns under variable nitrate supply. CsNRT1.4A transcript was virtually specific only for both young and old petioles, showing the highest expression under N deprivation or continuous low nitrate supply (Fig. 3) . The gene was evidently down-regulated under high nitrate and, in young petioles, under variable nitrate provision (Figs. 3 and 4) . In contrast, CsNRT1.4B transcript was almost exclusively expressed under high nitrate level or temporary low nitrate provision, and reached the highest peak in cotyledons (Figs. 3 and 4) . Beside petioles and cotyledons, CsNRT1.4B mRNA was also clearly detectable in leaves (Figs. 3 and 4) .
CsNRT1.5A
Among three cucumber homologs of AtNRT1.5, CsNRT1.5B and CsNRT1.5C were exclusively expressed in reproductive parts of the plant: flowers and fruits (Fig. 2) . Hence only CsNRT1.5A expression was analyzed in roots, stems, cotyledons, petioles and leaves of 4-week-old cucumbers grown under different nitrate regimes. In roots, stems and young petioles, CsNRT1.5A was considerably expressed upon constant N deprivation and down-regulated under nitrate (Fig. 3) . In contrast, the expression of the gene was enhanced under continuous high or high and low nitrate provision in old leaves and cotyledons, respectively (Fig. 3) . Under variable low nitrate supply, CsNRT1.5A was predominantly expressed in stems and cotyledons, showing the highest expression under temporary nitrate provision/starvation (Fig. 4) .
CsNRT1.8
Taking into account amino acid composition and phylogeny, NRT1.5 and NRT1.8 are very closely related proteins (Fig. 1) , suggesting that they could contribute to similar physiological processes in plant cells. Despite the organ expression profiles of CsNRT1.5A and CsNRT1.8 were similar, the transcription profiles of both genes under different nitrate regimes were quite distinct. The CsNRT1.8 transcript was present in nearly every tested organ, though its abundance was considerably higher in roots and, to a lesser extent, in stems, cotyledons, old petioles and old leaves under high nitrate supply (Fig. 3 ). Of all CsNRT1s tested under different nitrate supply, CsNRT1.8 was the most highly expressed gene (particularly in roots and cotyledons) upon 10 mM nitrate provision (Fig. 3) . The gene transcription was generally repressed under N deprivation or low nitrate in all cucumber organs except for young petioles or, in the case of low nitrate, young leaves (Fig. 3) . In stems, petioles and leaves, CsNRT1.8 also revealed a lower expression upon temporary low nitrate provision, starvation or re-supply (Fig. 4) . In contrast, in roots the level of CsNRT1.8 transcript was higher under variable nitrate supply then upon the constant 0,5 mM nitrate provision (Fig. 4) .
CsNRT1.9
Among the two last cucumber CsNRT1s, CsNRT1.9 and CsNRT1.10, the latter was specific only for tendrils and fruits (Fig. 2) . In contrast, CsNRT1.9 expression was clearly detectable in all vegetative organs except for roots (Figs. 2, 3 and 4) ; hence only this gene was analyzed in cucumber plants subjected to different nitrate provision. CsNRT1.9 was the most highly expressed upon high nitrate provision (Fig. 3) . In fact, only in cotyledons was CsNRT1.9 mRNA clearly detectable upon continuous low nitrate supply or N deprivation (Fig. 3) . Under variable nitrate provision, the transcript level was enhanced predominantly in cotyledons of plants grown in temporary nitrate re-supply, in old leaves of plants grown upon temporary nitrate supply and in young petioles of cucumbers grown upon temporary nitrate starvation (Fig. 4) . In contrast, in cotyledons and young leaves the CsNRT1.9 mRNA was markedly reduced under temporary nitrate starvation or provision, respectively (Fig. 4) .
Discussion
With completion of the Cucumis sativus genome projects in 2009 (Huang et al. 2009 ) and 2011 (Wóycicki et al. 2011) , we now have another powerful model organism for studying functions, regulations, and interactions of genes in an entire genome of higher plants. Whole gene families can be rapidly identified and examined in greater detail in Cucumis sativus, allowing for a better overview on gene functions and regulations during cucumber growth, development and response to environmental changes. Taking advantage of the progress in plant genome analyses, we aimed to identify and analyze genes encoding cucumber nitrate transporters NRT1. For a long time the comparison of sequence information across species has brought new insights into the evolution of organisms; hence an essential source of additional information used through the screening of the cucumber genome was the previous identification and sequencing of the Arabidopsis thaliana cDNAs encoding the nitrate transporter 1 family. Using AtNRT1 cDNAs as the query sequences, we succeeded in the selection of contiguous DNA segments containing putative cucumber homologs encoding NRT1 proteins ( Table 2) . Some of the AtNRT1s homologs were represented by two (CsNRT1.4) or even three (CsNRT1.2, CsNRT1.5) genetic isoforms in the cucumber genome (Table 2) . It may be suggested that at least three CsNRT1 genes underwent additional duplication or triplication events. Multiplication among NRT1s has already been reported. For AtNRT1.1, there is one homolog in cucumber and poplar, whereas in the grasses, multiplied closely related NRT1.1-like genes have been identified: three in rice (OsNRT1.1A/B/C) and sorghum (SbNRT1.1A/B/ C) and four in maize (ZmNRT1.1A/B/C/D) and Brachypodium (BdNRT1.1A/B/C/D) (Plett et al. 2010) (Fig. 1) . For AtNRT1.3 and AtNRT1.4, there is at least one member from grass species with an extra representatives for NRT1.3 and NRT1.4 in rice, maize (Plett et al. 2010) and V. vinifera (GenBank) (Fig. 1) . Similarly to CsNRT1.5s, AtNRT1.5 is also represented by multiplied homologs in poplar (PtNRT1.5A/B), rice (OsNRT1.5A/ B), maize (ZmNRT1.5A/B), sorghum (SbNRT1.5A/B), Brachypodium (BdNRT1.5A/B) (Plett et al. 2010 ) and grape (GenBank) (Fig. 1) . By contrast, for AtNRT1.2, there is only one member in poplar or grasses (Plett et al. 2010) , while three and two homologs have been identified in the cucumber (Table 2 ) and V. vinifera genomes, respectively (Fig. 1) . Cucumber NRT1s were different from AtNRT1s not only due to the multiplication of some CsNRT1 sequences but also due to the deletion of one of the two members of the NRT1 family, NRT1.6 or NRT1.7, and a significant evolutionary change in the remaining homolog (Table 2) . Similarly to multiplication, deletion events among NRT1 families from various species have also been reported. For instance, there is no AtNRT1.4-like gene and only one homolog of both, AtNRT1.6 and AtNRT1.7 in poplar (Plett et al. 2010) . Also maize and sorghum lack representatives of the NRT1.6 and NRT1.7 genes (Plett et al. 2010) . Similarly, NRT1.6-like gene was not found in the genome of Vitis vinifera. Due to the lowest coverage of Arabidopsis NRT1.6 and NRT1.7 with their cucumber homolog, the cucumber gene was not subjected to further experimental analyses. Additional experimental sequencing and expression analysis are required to include the cucumber homolog in the NRT1 family.
The function of NRT1 putative proteins has been determined experimentally mainly in Arabidopsis thaliana. In this work, we aimed to shed light on cucumber NRT1 physiological function through wide expression analyses of CsNRT1s. As a result, we selected two phylogenetically close relatives that were specific only for reproductive organs (flowers and/or fruits): CsNRT1.5B and CsNRT1.5C (Fig. 2) . In A. thaliana, the only NRT1 highly specific for reproductive organs is NRT1.6, which transports NO 3 -from maternal tissue to developing embryos (Almagro et al. 2008) . It remains to be elucidated whether the evolution of CsNRT1.5B and CsNRT1.5C following triplication of CsNRT1.5 led to the functionally novel proteins that substitute for NRT1.6 in cucumber. Like CsNRT1.5B and CsNRT1.5C, CsNRT1.10 also revealed quite a distinct organ expression profile, showing that the protein encoded by this gene is present almost exclusively in tendrils and fruits (Fig. 2) . In addition, the Arabidopsis NRT1.10 was already shown to be a peptide transporter expressed exclusively in funicle, which is required for the proper development of seeds (Tsay et al. 2005) . Therefore both Arabidopsis and cucumber NRT1.10 can be functional homologs responsible for the proper ratio of different forms of nitrogen within seeds and embryos. However, it remains to be established whether CsNRT1.10 is a nitrate or peptide transporter.
The remaining cucumber NRT1s were clearly expressed in most of the vegetative tissues and inflorescences (Fig. 2) . According to their expression patterns under different levels of nitrate supply, the CsNRT1s can be carefully divided into high nitrate-inducible, low nitrate-inducible or nitrate-repressible genes depending on the organ tested. For instance, CsNRT1.1 is clearly up-regulated by N deprivation in shoots, but downregulated under high nitrate in roots (Fig. 3) . In roots, low nitrate significantly stimulated AtNRT1.1 (Okamoto et al. 2003) , whereas CsNRT1.1 expression under N deprivation and 0.5 mM KNO 3 was similar. The expression of Arabidopsis and cucumber NRT1.1s in response to nitrate provision was also quite different in shoots: AtNRT1.1 was clearly induced by low nitrate (Okamoto et al. 2003) whereas CsNRT1.1 expression was considerably higher under N deprivation (Fig. 3) . In fact, both genes were studied under different time courses of nitrate supply, which could explain the alterations in their transcriptional responses. Nevertheless, different, organdependent responses of CsNRT1.1 to nitrate deficiency, shortage or excess as well as the relatively wide distribution of the transcript in plant tissues suggest that NRT1.1 may be employed in multiple responses of plant cells to nitrate. Indeed, Arabidopsis NRT1.1 was shown to mediate high-and low-affinity nitrate transport (Wang et al. 1998; Liu et al. 1999; Liu and Tsay 2003) , to function as an NO 3 -sensor (Ho et al. 2009 ) and to facilitate nitrate-regulated basipetal auxin transport out of lateral roots, leading to the repression of root growth at low nitrate availability (Krouk et al. 2010) .
AtNRT1.2 has three representatives in the cucumber genome. Multiplied genes that exist after a gene multiplication (e.g. duplication, triplication) event usually code for proteins with a similar role and/or structure, becoming redundant for an essential function. However, the expression pattern of all three cucumber isoforms homologous to AtNRT1.2 were quite distinct, suggesting that the novel NRT1.2-like proteins bring some new physiological benefits to cucumber plants. It was initially shown that the expression of AtNRT1.2 was constitutive and occurred predominantly in root epidermis, indicating that, similarly to NRT1.1, NRT1.2 is also involved in nitrate uptake from the soil . A few years later, Okamoto et al. (2003) also revealed the constitutive expression of AtNRT1.2 in shoots. However, until now the expression of NRT1.2 has been analyzed mainly in roots or shoots, so the analyses provided in this work bring rather novel findings regarding NRT1.2-like proteins' function in other plant tissues. None of the three CsNRT1.2s was significantly expressed in roots when compared with other organs, and only two, CsNRT1.2B and CsNRT1.2C, were clearly transcribed in stem, predominantly under N deprivation (Fig. 3) . Hence cucumber NRT1.2-like proteins may not be involved in nitrate uptake from the soil solution. The expression of CsNRT1.2s was virtually predominant in stem (NRT1.2A), cotyledons and old leaves (NRT1.2A/B/C) or young petioles (NRT1.2B). Nitrogen deficiency or shortage generally enhanced CsNRT1.2C transcription whereas CsNRT1.2B was unaffected (root, stem, old petioles) or stimulated (cotyledons, young petioles) by low nitrate (Fig. 3) . Although CsNRT1.2A transcript increased considerably in response to 10 mM KNO 3 , high nitrate down-regulated CsNRT1.2B and CsNRT1.2C (Fig. 3) . Hence, the transporters encoded by genes may be involved in different physiological functions.
CsNRT1.3 was constitutively expressed in all tissues, except for the cotyledons, where the transcript was the most abundant (among vegetative tissues) and significantly enhanced under temporary nitrate provision, high nitrate and, to a lesser extent, low nitrate (Figs. 3 and 4) . The functional role of its Arabidopsis homolog still remains unclear, though its expression in roots was repressed by low nitrate and induced by NO 3 -deprivation (Okamoto et al. 2003) . In contrast, AtNRT1.3 expression in shoots was induced by low nitrate treatment (Okamoto et al. 2003) . Thus NRT1.3 appears to be nitrate-inducible (cotyledons) or nitrate-constitutive (other tissues). Perhaps NRT1.3 protein participates in nitrate storage within cotyledons under high or low nitrate supply. In addition, the protein seems to be essential for the proper function of reproductive parts, since it is predominantly expressed in flowers (Fig. 2) .
In contrast, AtNRT1.4 is expressed predominantly in the leaf petiole, where it is probably involved in nitrate storage (Chiu et al. 2004 ). In addition, the AtNRT1.4 mRNA was also shown to be constitutively synthesized in roots and nitrate-induced in shoots (Okamoto et al. 2003) . Nevertheless, in roots the AtNRT1.4 transcript was significantly more abundant than in shoots (Okamoto et al. 2003) . Of the two cucumber NRT1.4s, CsNRT1.4A revealed an AtNRT1.4-like expression pattern, since it was expressed primarily in old and young petioles (Fig. 3) . Surprisingly, CsNRT1.4A was induced by nitrate deprivation or low nitrate (Fig. 3) suggesting that the encoded transporter may not be responsible for NO 3 -accumulation. Contrary to CsNRT1.4A, CsNRT1.4B mRNA was strongly elevated upon high nitrate in cotyledons, old petioles or old leaves (putative storage organs) (Fig. 3) . In addition, CsNRT1.4B expression considerably increased upon temporary nitrate provision following N deprivation, confirming that CsNRT1.4B rather than CsNRT1.4A is a putative functional homolog of AtNRT1.4. Both AtNRT1.5 and AtNRT1.8 were shown to be involved in long-distance transport of NO 3 -. AtNRT1.5 appears to mediate nitrate efflux out of root cells and loading into the xylem for transport to the shoot , whereas AtNRT1.8 is involved in retrieving NO 3 -from the xylem parenchyma in the roots and shoots (Li et al. 2010) . Hence, both proteins cooperate to regulate long-distance nitrate transport. All Arabidopsis and cucumber NRT1.5 and NRT1.8 proteins are closely related, since they cluster together and branch off from the main phylogenetic tree (Fig. 1) . However, two cucumber proteins CsNRT1.5B and CsNRT1.5C appear to be highly specific for flowers (Fig. 2) . In contrast, CsNRT1.5A and CsNRT1.8 were clearly expressed in all organs. Under high nitrate CsNRT1.8 was expressed at the highest level when compared to other CsNRT1s, whereas the CsNRT1.5A transcript was much less abundant and elevated upon N deprivation (roots, stem, young petioles), low and high nitrate (cotyledons) or high nitrate (old leaves) (Fig. 3) . Hence, similarly to CsNRT1.4B CsNRT1.8 is activated upon high external NO 3 -level. CsNRT1.5A function seems to be more complex and related to some adaptive response of plants to a variable external nitrate supply. In Arabidopsis NRT1.8 was shown to play a significant role in cadmium tolerance leading to nitrate retention in roots to enhance root nitrate assimilation under heavy metal stress (Li et al. 2010) . Hence, it was suggested that the coordinated regulation of NRT1.5 and NRT1.8 expression resulting in a reduction of nitrate translocation to shoots could be a common adaptive response of plant to a wide range of stresses (Li et al. 2010; Gojon and Gaymard 2010) .
The very recent study on AtNRT1.9 reveals that the last functionally analyzed NRT1 transporter may be Fig. 5 The whole-plant expression of CsNRT1 genes in cucumber. The picture was created based on the organ expression profile of cucumber genes as well as on the transcription profiles of CsNRT1s under different nitrate availability. Only the genes with the most prominent expression values were included in the picture. To provide an illustration of cucumber plant, a picture of cucumber from Thomé (1885) was modified and adapted for the purposes of this work responsible for loading of nitrate into the root phloem to enhance downward nitrate transport in roots (Wang and Tsay 2011) . The protein localizes to the plasma membrane and is predominantly expressed in roots (Wang and Tsay 2011) . In contrast, the transcript of cucumber homolog is virtually undetectable in the roots of 1-week-, 4-week-or even 8-week-old cucumbers, but highly abundant in old leaves and cotyledons (Figs. 2, 3 and 4) . In addition, CsNRT1.9 is strongly induced by high nitrate or temporary low nitrate provision (Figs. 3 and 4) , suggesting that the encoded protein fulfills different physiological function from its Arabidopsis homolog.
In conclusion, the comparison of the Arabidopsis and cucumber NRT gene families, similarly to the previous comparison of NRT1s in Arabidopsis, poplar and grasses, reveals some striking differences in genes' structure and quantity. Furthermore, expression analyses of CsNRT1s in different cucumber organs under variable nitrate supply suggest that some of the cucumber NRTs are probable functional homologs of their Arabidopsis counterparts (CsNRT1.1, CsNRT1.3, CsNRT1.4B, CsNRT1.5A and CsNRT1.8), whereas other members of this family appear to play distinct physiological roles (CsNRT1.9, CsNRT1.2s, CsNRT1.4A, CsNRT1.5B, CsNRT1.5C). The results presenting the whole picture of CsNRT1s expression in cucumber suggesting the localization of the proteins encoded by genes within plant body are summarized in Fig. 5 . All the presented results reveal that we cannot simply predict protein function based on the research on Arabidopsis thaliana and that molecular studies on genes and proteins involved in nitrate uptake and distribution in other species are of high importance to gain a full view of plant responses and adaptations to fluctuating nitrogen status in the soil.
